Abstract: Water losses are in focus of water supply management in last decades. Basic and widely accepted indicator is ILI Index, but is insufficient, when water resources are abundant, treatment costs low and energy consumption miniscule due to gravity. In such situation several authors introduced more detailed analysis defining "Economic Level of Leakage" (ELL) in short run. This analysis provides an insight into shadow market of leakages that is defined by marginal cost of water supplied on supply side and by marginal cost of repairs to mitigate water loss on demand side and provide empirical example based on real water supply system (WSS) data.
Introduction
Management of water losses in general represents one of the main task of water suppliers either being public or private. Although water represents a precious resource, water distribution networks lose on average approximately half of the input resource. In the EU, 21% of water to households, public buildings and businesses is provided by public networks [1] . Industry, on the other hand, has different water abstraction rights. Years of underinvestment have led to deteriorated public water supply networks with substantial water leakage. According to Egenhofer and others, the losses in selected EU countries encompasses almost 50% in Bulgaria, followed by Slovenia with 40% and Hungary, Ireland, Czech Republic and Romania with 30% of losses in distribution networks. On the other hand, Germany and Denmark report less than 10% of losses, in US about 16% of clean drinking water is wasted daily [2, 3] . If we consider that water is supplied through a pumping station and that water shall be purified, water losses have an enormous economic value and their recovery requires considerable investments. EU "Blueprint to Safeguard Europe's Waters", focusing on water availability and resource sustainability, represents an increasing pressure on efficient water management due to increasing water demand and competition between users. As being highlighted in the literature, improving water efficiency will affect a number of sectors: public water supply network, end-users (households), agriculture, energy and manufacturing sector [2] . Therefore, it is important to use cost-benefit analysis that includes also the long-term sustainability and viability of water supply systems in order to identify the "efficient" level of leakage. However, we should be aware that water leakage represents only one side of the cost-benefit analysis. Therefore, we should ask ourselves to what extent water loss reduction is appropriate.
This paper represents the evaluation of the economic level of losses (ELL) in the biggest, state owned, water supply (WSS) company in Slovenia, a mountain country where water resources are in general abundant and of high quality. However, Slovenia is one of EU countries with highest share of water losses in distribution networks. Thus the ELL analysis is of specific importance. The applied theoretical background will be discussed, and some practical experience on real data demonstrated. We aim to develop characteristic form of total costs' curve enabling identification of generalized behaviour of actors in this shadow market.
Literature Review
Among the literature that covers the issue of water loss, only few are based on a theoretical approach. For example, Pearson and Trow estimate the optimum "economic levels of leakage" by comparing costs of providing clean water in network with costs of active leakage control [4] . They argue in their work that if producing water is less costly than investing in activities that reduce leakage, water utilities should produce more water (extract water) to compensate the amount of water lost through leaks. The marginal cost of water is estimated by the difference in cost of producing one more unit of water in terms of power (energy), chemicals (for treatment) and labor. The total costs resemble the cost of leakage control plus cost of water production. These costs are high in the case of low level of leakage due to the fact that it is very costly to achieve low levels of leakage. The U-shaped total costs curve indicates that we can identify the short run economic level of leakage where marginal costs of leakage detection activity will be equal to the marginal cost of water.
Garcia and Thomas [5] compare the marginal cost of labor applied to the infrastructure replacement (as most replacements are highly labor-intensive) and the marginal cost of pumping water (which consists mainly of energy costs) to decide whether or not to invest in leakage reduction. Due to the fact that marginal costs of main replacement are much higher if compared to marginal costs of pumping additional water they conclude that "joint production" of water loss and service output has a cost advantage. Based on their work Martins et al. [6] estimate an empirical cost function with two outputs; water loss (yl) and service output (ys) to observe the effect of reducing water losses on the water utility performance in terms of cost effectiveness. They compare the cost of producing water loss and the cost of producing serviced water. The conclusion is that the marginal cost of yl is greater than the marginal cost of ys representing an incentive for reducing water losses. Based on their model Zschille and Walter [7] assessed the cost efficiency of the German WS utilities reporting that incentives to reduce costs and corresponding prices are still missing.
Usually the literature suggests cost-benefit analysis to establish the economic level of leakage (ELL) based on comparing the cost of repairing the leakage with the benefits of saving water or costs with developing additional supplies elsewhere. However, an important issue whether leakage undermines sustainability remained unanswered and very dependent on methodology (level of water scarcity, the impact on environment, consumers' perception). The existing evaluation practices don't reflect long-term sustainability of the water environment, nor social (Social considerations mostly refer to (1) unsustainable resort to scarce water resources; (2) carbon emissions from increased energy consumption in the process of drinking water provision; (3) risk of contamination due to poor infrastructure [8] ) or financial considerations. There were some attempts to include externalities and concept of SELL (Sustainable Economic Level of Leakage) has been developed [9, 10] .
Water loss could be divided into two main groups: real losses and apparent losses [11] . Real losses refer to physical losses of water due to leakage, while apparent losses include illegal water use, customer meter under-registration and billing errors. In order to assess water losses, it is crucial to estimate the component of apparent losses. There are three common methods for component estimation process: Minimum Night Flow Analysis (MNF), Bursts and Background Estimates (BABE) and the Top-Down Water Balance. Al-Washali and others [12] summarized advantages and drawbacks of all three methods that estimate the main components of apparent and real losses. Minimum night flow analysis remains the only method that provides valuable actual measurements but requires intensive field work, sophisticated equipment and advanced technical awareness of the network components. This method requires that measurements are conducted regularly throughout the year and several representative DMAs. BABE concept, on the other hand, breaks down real losses into sub-components and brings better understanding of the nature and types of leaks in the network.
However, Al-Washali and others [12] stress that BABE concept use intensive assumptions from specific cases that could not be generalized for other water supply networks. Water losses, estimated by using the BABE concept, are underestimated and should be used as a supplementary tool to breakdown the volume of real losses (Methods of assessment of customer meter inaccuracies and other components of apparent losses are presented in [13] [14] [15] [16] [17] [18] [19] ). The third concept, the Top-Down Water Balance, is a cost-effective assessment but lack an objective methodology for estimating unauthorized consumption. For European utilities, Lambert and others recommended default values of apparent losses [20] . However, there is a need for more objective assumptions of apparent losses especially for developing countries and devising practical methods to estimate unauthorized consumption.
From an economic point of view, the impact of leakages is substantial. It increases operating costs that relates to treatment and transportation. The estimated global cost of water losses is around US $14 billion per year [21] . Moreover, it has been estimated that the level of daily leakage in the world in 2006 could serve 200 million people's needs for drinking water representing a significant portion of opportunity costs [21] . Investment decision at the firm level is based on future revenues and costs that are associated with investment. As water supply is a subject to price regulation, the actual decision on investment is basically being driven by regulators and objective functions of politicians and owners of water utilities (private or public). Moreover, the need for significant investment in water networks has represented an important argument in privatization of public utilities in France and UK when local authorities lacked technical and financial resources to comply with new European quality standards [22] . Similar policies were promoted by the World Bank also in Latin America. Cavaliere and others [23] analyzed optimal investments to reduce water losses in a regulated water industry with perfectly inelastic demand and private information about local investment efficiency. The theoretical analysis, supported by a calibration and simulation exercise, demonstrated that the incentive to invest is affected by ownership, financial structure and revenue cap. Overinvestment (that showed up as additional cost of capital at the firm level) is accounted differently. In public firms: (i) the effect of the revenue cap is diluted and investments distortions with respect to a benevolent social planner are negligible; (ii) information rents are valued according to the marginal cost of public funds; (iii) the distortionary taxation and a price inelastic demand drive local politicians to maximize water revenues to finance investments and to increase municipal fiscal gains.
The case of Water Leakage in WSS Company VO-KA Ljubljana
The main purpose of this paper is to apply the approach of Pearson and Trow in practice and define the ALC curve, both qualitatively and quantitatively [4] . Empirical approach is usually based on identification of points along the curve that resemble historical data of leakages and associated prevention costs. Rehabilitation and substitution investments (like adoption of new technologies for leaks detection) imply significant long run costs but induce decrease of variable costs (i.e., energy consumption) and social damages. However, pushing infrastructure investment to zero leaks is usually not economically justified.
Public company VO-KA Ljubljana is the largest company in Slovenia in terms of the drinking water supply system as it has the largest number of users and serves several municipalities: Ljubljana, Brezovica, Dobrova-Polhov Gradec, Dol pri Ljubljani and Škofljica. The company is a part of holding (Javni Holding Ljubljana) which is 100 percent state owned company. The company was founded in 1890. Each user consumes between 115-150 L of drinking water per day. The central water supply system and six local systems comprise 1100 km of the water supply networks, supplying 315,000 users through 40,500 connections (Figure 1) . The water source of the central system is the groundwater of the sand and gravel aquifers of Ljubljansko polje and Ljubljansko barje, where groundwater is pumped in five WSS facilities: Kleče, Hrastje, Jarški prod, Šentvid and Brest. Drinking water runs via the WSS network to users from the natural environment, without any technical water preparation procedures, and is only chlorinated occasionally. For some specific areas (i.e., castle hill) a re-pumping station or a hydro station fir adequate and stable pressure conditions is included in the network. The network of the Ljubljana WSS includes pipes made of steel, cast iron, polyethylene and polyvinyl chloride, spheroidal-graphite cast iron and asbestos cement. The oldest pipe networks are over 120 years old. The most commonly used material in renovation is spheroidal-graphite cast iron in general, but polyethylene for household connections. The functioning of WSS is supervised in the control center. Data on pumping, re-pumping and water storage are automated and controlled by a remote system. Drinking water consumption in all locations connected to WSS is measured by water gauges that are replaced every three to five years.
In this analysis we analyzed water leaks in central and three local WSS: Lipoglav, Rakitna and Pijava Gorica. In 2016, the local Pijava Gorica system supplied 3154 inhabitants, while the length of primary and secondary waterworks totaled 31.9 km and the number of water connections was 1.078. The local water supply system Rakitna supplied 753 inhabitants, while the length of primary and secondary waterworks totaled 9.7 km, and the number of water connections was 385. Lipoglav is the smallest system among the studied. In 2016, the local water supply system Lipoglav supplied 596 inhabitants, while the length of primary and secondary pipe networks totaled 16.3 km and the number of water connections was 230. VO-KA has managed to decrease non-revenue water in the period of 2006-2016 by 37%, from 12.8 to 8.0 mio m 3 /year.
In general VO-KA uses three ways to detect potential leakages:
a. Improving the control of the plumbing system (establishing permanent measuring points): From constant monitoring stations, where flows are measured in the measuring areas 24 h a day, the data is transmitted to the control center wirelessly or via fiber (where these connections are already built and accessible). The recommendations of the profession are taken into account in order to control from 30 to 50 km of water supply network with individual measuring points. Continuous monitoring of flow data at individual measuring points enables a considerable reduction of time to detect failure, shortening of time from occurrence to elimination of failure, and thus faster reduction of leaks. b. Pressure reduction: During the last five years, three pressure regulators have been built. The expected effects are a 15 to 25 percent reduction in current water losses in the area where the pressure will be reduced by pressure reduction devices. Due to lower pressures and smaller pressure fluctuations, which are otherwise dependent on the daily dynamics of water consumption in the water supply system and the way of operating water bodies, it is also expected to reduce the number of damages on the water supply network and water supply connections. Positive effects of pressure reduction will not only affect the reduction of existing water losses, but also reduce the frequency of faults on the water supply network, where pressure regulators will be installed. This will produce additional positive effects, which are difficult to be financially evaluated before the implementation of the measures (An interested reader could find more evidence on that in [24] [25] [26] [27] [28] [29] ). c. Active detection of faults-direct work: A prerequisite for effective detection of failures (fast response time, rapid detection of failure) with a relatively small number of employees is the establishment of permanent monitoring stations. The measuring point allows the immediate detection of the wider location of the failure. The exact location must be found with the appropriate team on the ground, which requires the use of modern tools and good technical and expert knowledge of fault seekers. The minimum range of appropriately qualified and trained personnel, who daily deals exclusively with the detection of losses in the area of the Ljubljana water supply system, is estimated to at least 4 people. The cost of one worker for one year is estimated at between EUR 25,000 and EUR 30,000. Every year, about 200 L per second of leakages are detected and removed by means of measuring points and a measuring car (data from the quality indicator). They have 22 permanent measuring areas (DMA). Based on 130 to 150 flow measurements and detailed data analysis, about 300 faults of water supply systems are detected and eliminated every year.
Short-term economically acceptable water losses (SRELL) depend on the current variable water costs, the cost of active leakage control and the rate of increase in undesired leaks. The short-term model is roughly divided into three parts. The first is the vertical line UARL, which represents theoretically the smallest water loss possible in the current system. Reduction of water losses under UARL would imply excessive costs and technical complexity. The second is the rising curve of variable costs (VC), which shows the cost of lost (unnecessarily pumped) water, which does not come to the consumer due to leakage. This cost includes all the costs of variable resources and production facilities that are needed in the process of obtaining water such as electricity, labor costs, water preparation, depreciation, interest, etc. The next is the ALC curve, which shows the cost of finding and eliminating water losses. It shows, among other things, that the costs, associated with finding and eliminating any further cubic meter of lost water, are increasing. The sum of VC and ALC leads to the SRELL curve, which shows the total cost of searching and repairing damages and the cost of lost water due to leakages. The minimum of this curve represents the optimal water loss for which the total cost to the company is minimized. The weakness of the presented model is that it does not take into account environmental factors and externalities, such as environmental damage due to unnecessary consumption of water, additional wear and consequently shorter service life of the pipelines, causing additional environmental damage. Due to the sufficient quantity of water in Slovenia, these environmental factors were not taken as crucial in our analysis.
Results and Discussion
ALC in years under consideration were calculated by summing up total costs per failure (excavation and sinking of the construction pit, restoring initial conditions, the cost of material for repairs), monitoring costs (approximated by the share of particular pipe length in the system) and labor costs per day, approximated by gross earnings and average number of working hours. The estimation of working hours is based on diameter size (i.e., usually repair of pipe line with 100 mm DS demands 2 workers and 2 working hours while pipe line with 600 mm diameter size demands 4 workers and 3 working hours). As there were changes in input system volumes in analyzed years we took the value for 2016. Based on share of leakages in the period of 2011-2016 we estimated current annual real losses (CARL) under the assumption of unchanged input system volume. Using regression analysis' approach we identified the curve that fitted data in best possible way.
Variable costs (WC) were calculated based on costs with preparation and distribution of drinking water. We included also investment and operational costs that relate to water supply system (depreciation (Cost of depreciation (EUR/m 3 ) is calculated as a ratio between total depreciation and system input volume per year. The quotient amounts to 0.1614 indicating that depreciation costs amount to 0.1614 EUR for each m 3 of input water), costs of electricity and tax on water reimbursement that amounts to 0.08 EUR per m 3 ). Data on electricity consumption, which are also an integral part of the cost of water, were obtained directly from the company and calculated the average energy consumption (kWh/m 3 ). We multiplied this by the average industrial price of electricity per kWh, Based on marginal water costs and estimating parameters of ALC we could derive SRELL curve for all four service areas that were analyzed in this paper. Minimum of the curve depicts economic level of leakages (ELL). In order to perform sensitivity analyses we assumed that costs of electricity might vary for 20% in negative or positive way. Moreover, we also assumed variability in the section of active leakage control as frequency of leakages, costs of material or labor might vary.
Figures 2 and 3 illustrate the estimated curves and identification of optimal level of water leakages (ELL) in terms of SRELL curve. In the central system (Figure 2 , left picture) CARL varies between 5.5 mio m 3 /year and 6.4 mio m 3 /year or ILI between 5.39 and 6.33 if we imply 20 percent of change in price of electricity or water costs. Current losses are higher than optimal, so it would be optimal from economic standpoint to decrease water leakages in the central system.
In Pijava Gorica (Figure 2 , left picture) CARL varies between 121,526 m 3 /year and 134,431 m 3 /year or ILI between 3.68 and 4.07 if we imply 20 percent of change in price of electricity or water costs. Current data shows that the company is currently operating this economically justified level of leakages.
In Pijava Gorica (Figure 3 , left picture) CARL varies between 28,852 m 3 /year and 30,752 m 3 /year or ILI between 2.66 and 3.05 if we imply 20 percent of change in price of electricity or water costs. Current data shows that the company is currently operating this economically justified level of leakages. In Rakitna it was not possible to calculate ALC as there were only 10 repairs in 5 years under study. ILI factor in 2016 was estimated to 0.3 and as such it raises serious doubts in the measured quality. Based on the estimation of crucial parameters and actual values of ILI factors, reported in Table 1 , we can conclude that VO-KA Company is challenged by decreasing water leakages in the central system while the other three analyzed areas are in line with suggested interval. 
Conclusions
Reducing water leaks in the distribution networks represents one of the most important issues in water industry around the world as it constitutes waste both of water and energy/carbon. However, there is no system without any leakages. The global average of water loss is 35% of produced water [17] . In France actual losses amounted to 25% on average but in few regions it amounted to more than 50% [5] . As mentioned in introduction, the average leakage from public distribution networks in European countries amount to 20% of water supplies but there is high variability between the states. There are many factors that influence leakage, including age and maintenance levels of the system, the total length of mains, the number of connections, the local topography and resulting hydraulic and pressure characteristics, the soil and climatic conditions, as well as the manner in which water is valued by society [29] . In our paper we estimated parameters of total costs' functions being related with water costs on one side and costs of repairs on the other. Detailed analysis on firm's level data in the period of 2011 and 2016 identified that the main challenge is related to the central system of WSS in VO-KA company.
